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Sexual maturation and spawning was followed in one and two year old rope cultured mussels (Mytilus edulis) from April to
December. Development of gonad and storage tissue was followed using descriptive categories from histology, and develop-
ment of total soft tissue was followed using meat yield and condition index.

Both age groups were mature both during spring and autumn and had similar patterns of spawning and maturation. April
and May were characterized by scattered spawning activity and accumulation of storage reserves at the same time, resulting
in relative constant condition indices during this period. This was followed by ripening of the gonads and an increase in con-
dition index that culminated in a spawning in late June. Parts of the population then entered a resting phase, while a part of
the population underwent new maturation towards an autumn spawning in September. In December all the mussels had
started the winter maturation.

Condition index and meat yield were higher throughout the season in the one year old mussels. This was probably due to
the sum of several factors, including differences in specific feeding rates and biomass density, rather than spawning.

The present study is the first to compare the reproductive patterns over time of one and two year old mussels with reliable
age determination, and provide information that there are no obvious differences in neither timing of gonad development nor
spawning patterns between the age-classes.
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I N T R O D U C T I O N

Spawning strongly influences the meat yield of mussels
through the loss of large proportions of the mantle tissue.
The spawning is also predictive for the subsequent spat settle-
ment. Understanding the spawning process is therefore
crucial for the mussel farming industry.

During gonad maturation in the common blue mussel,
Mytilus edulis, the reproductive tissue expands and invades
the soft tissues in the visceral mass and mantle lobes (Field,
1922). In mature individuals, the reproductive tissue may rep-
resent as much as 59% of the soft tissue weight (Thompson,
1979), or up to 95% of the mantle tissue (Seed, 1969).

Series of condition index data are easy to obtain and
provide relevant information about the spawning patterns of
mussels, seen as steep declines in condition (Seed &
Suchanek, 1992). Condition does however not only reflect
the amount of gametes, since variable amounts of storage
tissue also fill the mantle. From an industry and marketing
point of view, this distinction is of great importance, since
there is no risk of spawning and loss of quality for example
during autumn if storage tissue and no ripe gametes fill

the mantle. To determine the stage of filling and reproductive
state of the mussels, histological studies provide additional
and valuable information.

Large areas along the coast of Western Norway may be
suitable for mussel production. With only a few publications
with limited details (Bøhle, 1965; Barkati & Ahmed, 1990),
mussel reproduction has however been poorly documented
in Norwegian waters. Numerous studies have been performed
in other European areas (Seed, 1975; Pieters et al., 1980;
Sprung, 1983; Okumus & Stirling, 1998; Orban et al., 2002;
Thorarinsdottir & Gunnarsson, 2003), but as there are large
geographical variations in mussel reproduction (Seed, 1976;
Newell et al., 1982), data from other areas may not be relevant
to the areas in Western Norway.

Norwegian mussel growers often report higher meat yield in
mussels during their first spring compared to their second
spring, and it has been suggested that the spawning patterns of
these two age-classes differ. Earlier studies have suggested that
all mussels mature during their first year (Seed, 1969). Seed
(1975) found that there were nomajor differences in the spawn-
ing patterns between small and large mussels, based on the
different sizes of mussels present in the samples studied.
However, in practical rope culture of mussels, the age-classes
are often quite well separated; especially the last year’s set,
which is collected on ropes set out the same year. Even quite
small differences in meat yield or the timing of spawning
would be of interest for the mussel industry, in particular if
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immature but fast growing market sized mussels can be har-
vested in early summer when the older mussels are spent.

The aim of the present work was to compare sexual
maturation and spawning and also condition in one and two
year old mussels. A study of condition index and histology of
the mantle tissue was carried out from April through to
December, and development of gonad and storage tissue was
described.

M A T E R I A L S A N D M E T H O D S

Themussels originated from a longlinemussel farm near Brekke
in the outer Sognefjord, Western Norway. From there, the
mussels were moved to the study site in Sogndalsfjorden
(N618 12.80 E78 05.60) in the inner part of the Sognefjord. One
year old mussels were harvested from collections that were
mounted during spring 2001, and therefore contained no
older mussels. They were transported to the study site in two
batches, with 4200 mussels on 12 January and 9000 mussels
on 12 April 2002. Two year old mussels had been collected
during 2000 and were separated by size from the new set
during the autumn 2001. 9200 of thesemussels were transported
to the study site on 10March 2002. Both age groupswere socked
in Pergolari type socks (Intermas, Spain) of five to six metres
length at densities between 230 and 600 mussels per metre,
with averages of about 400 mussels per metre for both age
groups. The average initial biomass densities were 1.7 and
5.1 kg/m for the one and two year old mussels respectively.
The spat that settled on the experimental socks during the
study period in 2002 was removed by size grading and resocking
of both age groups in August 2002.

Mussels were sampled at 14 day intervals from 2 April to 26
September 2002, and an additional sample was taken on 2
December. Mussels were sampled from different areas of
several socks covering all depths, altogether 150 mussels
from each age-class, and all mussels within one area of a
sock were collected to avoid size selection. The mussels were
then transported chilled within 24 hours to the laboratory in
Bergen and placed in seawater of 34‰ for 24 hours or more
before further processing.

At each sampling, approximately 90 mussels from each
age-class were cleaned, weighed and cooked by steaming for
determination of condition index. The duration of the steam-
ing was regulated by the boiling of the water, letting the pan
boil over and letting out steam by lifting the lid three times
repeatedly. Condition index (CI) was calculated according to
a formula from Hickman & Illingsworth (1980) that facilitates
comparison of mussel groups with differences in shell thick-
ness, modified to using steamed wet weight of the meat. The
formula resembles the expression of meat volume as a fraction
of the shell cavity volume:

CI ¼
steamed meat weight � 100

whole live weight – shell weight
:

The commercial meat yield (MY) was also taken for
comparison:

MY ¼
steamed meat weight � 100%

whole live weight
:

The mussels were kept in seawater before cooking to avoid
loss of mantle water. The cooked soft tissue was stored
at 220 degrees for analysis of glycogen. Glycogen was ana-
lysed using an enzymatic and spectrophotometric method as
described by Hemre et al. (1989).

Samples for histology were taken from between 18 and 32
mussels on each date of sampling. 2 � 2 mm pieces of mantle
tissue were fixed in a phosphate buffered modified Karnovsky
fixative adjusted to pH 7.4, where distilled water was replaced
with the following Ringer’s solution: 9.0 g NaCl, 0.14 g KCl,
0.12 g CaCl2, 0.2 g NaHCO3 and 2.0 g glucose in 1 l distilled
water. Osmolarity was adjusted by adding sucrose to 9%.
The samples were kept in fixative at room temperature for
three weeks or longer, washed in a phosphate buffered
sucrose solution, dehydrated through a graded series of
ethanol and embedded in plastic resin (Technovit,
Germany). Semithin sections (1–2 mm) were stained with
1% toluidine blue and observed in a light microscope
(Olympus BX-51, Japan) at 200 to 1000 x magnification.
The sections were visually categorized according to sex,
gonad development and development of the two types of
storage tissue: vesicular connective tissue (VCT) with glyco-
gen stores and adipogranular tissue (ADG) with protein and
lipid stores, as described below.

Classification of gonad developmental stages
The gonad development was described according to the terms
used by Field (1922), Dohmen (1983), Hodgson & Bernard
(1986), Pipe (1987a) andWourms (1987). The gonad develop-
ment was categorized into four stages, modified from
Chipperfield (1953) (Fig. 1 & 2):

Stage 0 (empty): the mantle is dominated by storage tissue and
has little gonadal tissue. The earliest stages cannot be sex
determined. Female acini that can be recognized have
oocytes in the previtellogenic stages, and male acini have
only early stages of the sperm cells and no spermatids or
spermatozoa.

Stage 1 (early filling): the acini are easily recognized and all the
individuals can be sex determined. Most oocytes have
started vitellogenesis and some are already mature. In
male acini immature sperm cells make half of the acinus
radius or more. Mature residual gametes may be seen in
individuals recovering from spawning.

Stage 2 (filling): most oocytes are in late vitellogenesis, with
visible yolk granules and vitelline envelope, but still
attached to the acinus walls. A minority of the oocytes are
detached and fully mature. The males have more sperma-
tids but still abundant immature sperm cells, and the
latter make at least one-quarter of the acinus radius, typi-
cally five cells or more.

Stage 3 (mature): the stage is morphologically similar to stage
2, but the proportion of mature gametes in the acini is
higher and the proportion of gonad tissue relative to
storage tissue is usually higher.

Some individuals have acini with empty lumens and
gametes along the acinus walls. These were considered as reco-
vering from spawning and given a stage of gonad development
according to the development of the gametes present. The
different cell stages are illustrated in Figure 3.
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Classification of storage tissues stages
The vesicular connective tissue (VCT) with glycogen stores
and the adipogranular tissue (ADG) with protein and lipid
stores (Gabbott, 1976; Pipe, 1987b; Mathieu & Lubet, 1993)
were categorized in three stages each (Figures 4 & 5):

VCT:
Stage 0: no filled VCT cells
Stage 1: filled VCT cells are accumulating between the acini
and towards the mantle epithelium, but not yet surround-
ing the acini forming a continuous web.

Stage 2: the VCT cells are filled and almost completely sur-
round the acini with a layer of more than one cell in
thickness.

ADG:
Stage 0: no filled ADG cells
Stage 1: some filled ADG cells are seen among the VCT cells.
Alternatively, less filled ADG cells form a web between the
VCT cells.

Stage 2: filled ADG cells form a web between the VCT
cells.

R E S U L T S

The one year old mussels had an initial shell length of
3.4+ 0.7 cm (Figure 6) and average weight of 4.18 g. The
two year old mussels had an initial shell length of
5.1+ 0.5 cm and average weight of 12.4 g. Growth was slow
between April and August. A period of faster growth was
recorded with two weeks’ delay after resocking on 18
August until late September. No growth took place between
September and December.

Both age groups followed a similar pattern in development
of condition index and average gonad stage (Figure 7). For the
two year old mussels, a period of stable condition indices
between April and May was followed by a marked increase
until mid-June. The average gonad stages were stable at a
high level throughout this period. The one year old mussels
showed some variations in condition indices between April
and May that were opposite to the variations in average
gonad stage, but otherwise followed the two year old
mussels. In late June both condition indices and average
gonad stages dropped to minimum levels for the season.
The first part of this spawning resulted in the largest drop
in average gonad category, while the second part, with the

Fig. 1. Schematic drawing of the stages of ovary development inMytilus edulis from histology. Stage 0 (empty), Stage 1 (early filling), Stage 2 (filling) and Stage 3
(mature). See text for details and Figure 3 for illustration of the cell stages. Arrows indicate the development through maturation and spawning. Spawning can be
complete or partial and lead to different stages of maturation.
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largest drop in condition, coincided with a small increase in
average gonad category. The amplitude of this drop was
larger for the two year old mussels compared to the one
year old mussels. A new increase was followed by a smaller
drop in September, and by December both condition indices
and gonad categories had again reached a high level.

Throughout the study the condition indices in both groups
were above 35%, corresponding to meat yields above 25%.
Condition indices were around 2 to 5% higher throughout
the study in the one year old mussels compared to the two

year old mussels, except for the sampling on 17 June, where
the values were close to identical. The corresponding values
for meat yield were two per cent higher in the one year old
mussels also at this point, and the differences throughout
the study were larger (data not shown) for meat yield than
for condition index. The proportion of shell weight to whole
live weight was around 10% higher in the two year old
mussels throughout the study.

The distribution of the different gonad stages showed a
marked change in July (Figure 8). During spring, the

Fig. 2. Schematic drawing of the stages of testis development in Mytilus edulis from histology. Stage 0 (empty), Stage 1 (early filling), Stage 2 (filling) and Stage 3
(mature). See text for details and Figure 3 for illustration of the cell stages. Arrows indicate the development through maturation and spawning. Spawning can be
complete or partial and lead to different stages of maturation.

Fig. 3. Photomicrographs of the reproductive tissue demonstrating the different cell stages: (A) testis with immature sperm cells (is) along the periphery of the
acini and spermatozoa (sz) towards the centre; (B) ovary with young, previtellogenic (pv) oocytes along the acinus walls. Larger, stalk shaped or late pedunculated
(lp) cells are still attached to the acinus wall and mature oocytes (mo) have been shed into the acinus lumen. Toluidine stained semithin sections from resin
embedded material.
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proportions shifted between Stages 2 and 3 as the dominating
stage, while Stage 1 was low. From July, Stage 1 increased
markedly to around 40% while Stage 0 gonads were seen for
the first time. This lasted until December when all gonads
were in Stages 2 and 3. A major increase in maturation with
Stage 3 dominating was seen in both the spring period with
low incidents of Stages 0 and 1, and again in the summer/
autumn period, but then with high proportions of the
earlier stages. Both increases in Stage 3 were followed by
immediate decreases coinciding with the drops in condition
indices.

There were no obvious differences in the patterns of
average gonad stages between male and female mussels
(data not shown).

There were no clear differences in the development of the
storage tissue between the two age groups. During spring, both
adipogranular (ADG) and vesicular connective tissue (VCT)
cells developed from more or less empty to mostly filled

Fig. 4. Schematic drawing of the stages of vesicular connective tissue (VCT) development in Mytilus edulis from histology. Stage 0 (no filled VCT cells), Stage 1
(some filled VCT cells) and Stage 2 (filled VCT cells surrounding the acini). Adipogranular (ADG) cells are also present. See text for details.

Fig. 5. Schematic drawing of the stages of adipogranular (ADG) tissue development in Mytilus edulis from histology. Stage 0 (no filled ADG cells), Stage 1 (some
filled ADG cells) and Stage 2 (filled ADG cells form a web among the vesicular connective tissue (VCT) cells). See text for details.

Fig. 6. Development of shell length in one and two year old mussels (Mytilus
edulis) between April and December 2002.

Fig. 7. Development of (A) condition index and (B) average gonad stage, in
one and two year old mussels (Mytilus edulis) from April to December 2002.
See Materials and Methods section for detailed description of the
histological stages.
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cells. The average categories increased for both types of
storage tissue until May/June coinciding with an increase in
glycogen concentration (Figure 9). The average storage
tissue categories then levelled off for the rest of the study.
The VCT cells seemed to be fuller at the start of the study
and increased faster than the ADG cells. In the early spring
samples it was usually observed that the mantle tissue had
to some extent filled VCT cells while the ADG cells were
more or less empty in the same individuals. The glycogen con-
centrations showed an increase during spring in both age
groups, following the development of the storage tissue

categories. The concentrations decreased markedly in the
two year old mussels in June and remained low until the
resocking in mid-August. This was not seen in the one year
old mussels, where the concentrations showed some vari-
ations, but in general remained stable during this period.
Both age groups then increased until late September. A
marked decrease in glycogen concentration was then seen in
both groups, also in total amount of glycogen per mussel
(data not shown), despite stable or decreasing average VCT
categories.

D I S C U S S I O N

There were no clear differences in the reproductive patterns
between one and two year old mussels, as seen from the con-
dition index development, the level of average gonad stage
throughout the study and the distribution of gonad stages.
Both groups were mature both spring and autumn and had
similar spawning patterns throughout the study. This is con-
sistent with Wilson & Seed (1974) who found no differences
in rates of gametogenesis in mature mussels of different
sizes, and with Seed (1975) who suggested that there were
no marked differences in spawning time between small
(young) and large (old) individuals in wild populations of
M. edulis. Jensen & Spärck (1934) suggested that young
mussels spawned during their first autumn, while older
mussels spawned in the spring, though no detailed description
of the observations was given. The first autumn was not within
the scope of the present study, however, and this period is less
relevant for the mussel industry since the mussels have yet not
reached commercial size at that time. However, none of these
authors determined the age of the mussels, while secure age
determination was a main objective in the present study.
The one year old mussels in the present study were collected
from lines that were put out just prior to the settlement the
year before, and hence should have no incidents of other
ages. For the two year old mussels, the settlement the year
before the study had been removed when this set still was
small enough to be distinguished by size from the older
mussels. The present study is hence the first to compare the
reproductive patterns over time of one and two year old
mussels with reliable age determination, and provide infor-
mation that there are no obvious differences in neither
timing of gonad development nor spawning patterns
between the two age groups.

Part of the background for the present study was obser-
vations of higher meat yield in one year compared to two
year old mussels by the industry, with a possible hypothesis
that the younger mussels would not mature and spawn until
the autumn. Despite the lack of differences in reproductive
patterns, we still observed higher condition indices in the
one year old mussels compared to the two year old mussels
throughout most of the study. The difference of 2 to 5% was
substantial compared to the variation between 36 and 48%
throughout the study. As we will discuss below, differences
in shell thickness, fecundity, feeding rates and biomass
density can all contribute to the differences in condition.

Some differences were found in condition index, but even
larger differences were seen in meat yield, which is the con-
dition measure used by the industry, calculated as cooked
meat weight over whole live weight. This is due to an approxi-
mately 10% higher proportion of shell weight to whole weight

Fig. 8. Percentage distribution of stages of gonad development in one and two
year old mussels (Mytilus edulis) between April and December 2002. Stage 0
(empty), Stage 1 (early filling), Stage 2 (filling) and Stage 3 (mature). See
Materials and Methods section for detailed description of the histological
stages.

Fig. 9. Development of storage tissue in one and two year old mussels (Mytilus
edulis). (A) average histological category of vesicular connective tissue (VCT)
and adipogranular (ADG) tissue; (B) glycogen concentrations in mg/g dry
weight.
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in the two year old mussels. The effect of differences in shell
thickness is eliminated in the formula for condition index
by subtracting shell weight from whole weight in the denomi-
nator. Similar differences in meat yields between younger and
older mussels are usually observed in practical mussel
farming, and this is probably also partly due to thicker shell
in older mussels. Some of the differences in condition index
are probably related to differences in feeding activities and
food availability for the two age groups. Hickman &
Illingsworth (1980) showed that food availability was the
second most important factor next to spawning in determin-
ing condition index. In general, younger mussels have higher
size-specific scope for growth compared to older mussels, even
under identical feeding conditions. In a previous study we
observed two times more growth in one year old compared
to two year old mussels (Duinker et al., 2007). Similar
growth differences can be calculated from scope for growth
data presented by Thompson & Bayne (1974), which can
mainly be ascribed to around two times differences in size-
specific feeding rates (Thompson & Bayne, 1974; Navarro &
Winter, 1982) (see Duinker et al., 2007 for a detailed discus-
sion). In addition to this, older mussels will be food limited
at lower food levels than younger mussels, since the
optimum scope for growth occurs at higher rations in larger
mussels (Thompson & Bayne, 1974). This effect would
hence have been smaller with higher food availability for
both groups. However, in the present study the food avail-
ability was probably lower and more limiting for growth of
the two year old mussels given the higher biomass density
for this group. The difference in food limitation was probably
demonstrated in the glycogen data, where the two year old
mussels had a strong decline in glycogen content around
June that was not seen in the younger mussels.

Higher condition indices in younger mussels could also
result from lower fecundity in younger mussels (Bayne,
1976; Sprung, 1983; Rodhouse et al., 1986) that would result
in smaller losses of body mass and hence smaller drops in con-
dition index after spawning compared to older mussels. We
observed a larger drop in condition index in the two year
old mussels during the main spawning in late June, compared
to the one year old mussels, but this was not seen during the
autumn spawning. Differences in fecundity may have been
counteracted by higher food availability and growth rates of
the one year old mussels according to the discussion above,
since higher available food ration can increase the reproduc-
tive output (Thompson, 1979; Bayne & Worrall, 1980). On
the other hand, increased food availability could result in
both a higher condition index prior to spawning as well as
larger decreases during spawning, and it is not possible to
predict the outcome without supporting data. The sum of all
these processes, under the given environmental conditions,
should in some way or the other lead to the observed differ-
ences in condition and meat yield, both in the present study
and in the industry, and it seems clear that such differences
can occur without differences in spawning patterns.

Since the two age groups showed no differences in repro-
ductive patterns, the following paragraphs describe the
common variations in reproductive and storage tissues for
the two groups throughout the season. In April and May
both average gonad indices in both age groups and condition
indices in the two year old mussels were relatively stable.
However, storage tissue indices and glycogen concentration
increased, and young gametes were seen in the histology

throughout this period, indicating continued gametogenesis.
A scenario that can explain this is a period with scattered
spawning and gradual replacement of reproductive tissue
with storage tissue, and also cycles of rematuration and spawn-
ing as described for mussels in France (Herlin-Houtteville &
Lubet, 1975). The gonad indices for the one year old mussels
did not follow the same pattern. However, the variations
in condition index in this group were opposite to the
variations in gonad indices, which indicate that unknown
biological and methodological variation was the source of
this variation.

From June a strong increase in condition index was seen as
a result of accumulation of storage tissue as well as gametes,
with increase in Stage 3 individuals, probably combined
with reduced or absent spawning activity. This was followed
by a major spawning period from late June to early July
where presumably a larger proportion of the population par-
ticipated and a larger proportion of the gametes were
spawned. The largest drop in maturation was seen between
17 June 17 and 1 July, while the largest drop in condition
index took place during the next two weeks, suggesting that
rematuration and spawning occurred simultaneously also
during this period. This kind of spawning activity, with both
scattered spawnings and a major spawning, has previously
been described for several populations of M. edulis in
European waters (Seed, 1975; Sprung, 1983; Pieters et al.,
1980) including Eastern Norway (Bøhle, 1965). However,
also spawning patterns with a single spawning period has
been reported (Bruce, 1926; Thorson, 1946; Chipperfield,
1953), and annual variations may give different types of
spawning patterns at the same locality (Seed, 1969, 1976;
Lowe et al., 1982; Brousseau, 1983). The synchronous induc-
tion of spawning among many individual bivalves in an area is
a response to an environmental parameter acting as a spawn-
ing stimulus (Galtsoff, 1961), and scattered spawning activity
may reflect that such stimuli are not strong enough to evoke
spawning (Newell et al., 1982).

Typical for the fjord area in the present study, as reported
by growers, is one major spawning with a strong fall in meat
yield during May, although larvae are seen in the water
throughout spring, summer and autumn. One major spawn-
ing was also observed in the Hardanger area (N598
44.60 E58 43.30) in 2001 (Duinker, unpublished data). The
reproductive pattern in the present study hence deviates
from what is regarded as normal. A similar alternation
between a well defined cycle to parts of a season with more
continuous spawning was observed by Lowe et al. (1982). It
may be speculated that this year’s reproductive pattern may
have masked normally occurring differences between the age-
classes. However, histological samples from the study in
Hardanger in 2001 also showed mature gonads in both one
and two year old mussels in spring as well as autumn
(Håland & Duinker, unpublished data). Alterations of the
reproductive cycle like this have obvious implications for the
mussel industry. With respect to meat yield, the mussels in
the present study could have been harvested at any time of
the season, while a classical spawning with drops to low
meat yields in May will give harvest closure for several
months until the meat yield has recovered.

During major spawnings early in the season, the meat yield
in Norwegian mussel farms usually drops to below 20%. The
high condition indices after the spawning in June in the
present study, corresponding to more than 25% in meat
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yield, can probably be explained by the fact that larger
amounts of storage tissue had been accumulated by that
time, compared to earlier in the season.

Following the major spawning, the population seemed to
separate into two alternative strategies. Between July and
August, the proportion of individuals in Stage 3 increased
from about 20 to about 50% on expense of the lower stages,
while about 30% remained in Stages 0 and 1. Individuals in
Stages 0 and 1 were probably in a resting stage as described
by Seed (1969), while the rest of the population matured
new gametes. McKenzie (1986) suggested that mussels have
a mechanism deciding whether an individual has enough
energy to mature for a late spawning, or to save the energy
for maturation and maintenance metabolism during winter.
Thus feeding conditions during the summer may be determin-
ing whether there will be an autumn spawning or not.
The maturation in August culminated in a spawning in
September, as seen from the decline in condition index,
average gonad stage and the proportion of individuals in
Stage 3. Autumn spawning has been documented in many
earlier studies as seen in the review by Seed (1976), including
a Norwegian population (Bøhle, 1965).

From September to December the condition index and
average gonad stage increased, and there were no more indi-
viduals in the Stages 0 or 1. This indicates that all the
mussels had started the winter maturation described by Seed
(1969) and Wilson & Seed (1974), starting in November
and culminating with fully mature gonads in February or
March in British waters. The glycogen content decreased
between September and December in the present study, at
the same time as condition indices increased. This probably
reflects a consumption of glycogen for fuelling gametogenesis
(Wilson & Seed, 1974; Zandee et al., 1980; Lowe et al., 1982),
with higher demands from the energy stores after food levels
drop to minimum values during late autumn (Frette et al.,
2004).
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Oslofjorden (in Norwegian with english summary). Fiskets Gang 51,
388–394.

Chipperfield P.N.J. (1953) Observations on the breeding and settlement
of Mytilus edulis (L) in British waters. Journal of the Marine
Biological Association of the United Kingdom 32, 449–476.

Dohmen M.R. (1983) Gametogenesis. In Verdonk N.H., Tompa A.S. and
van den Biggelaar J.A.M. (eds) The Mollusca, Volume 3. Development.
New York: Academic Press, pp. 1–49.

Duinker A., Bergslien M., Strand Ø., Olseng C.D. and Svardal A. (2007)
The effect of size and age on depuration rates of diarrhetic shellfish
toxins (DST) in mussels (Mytilus edulis L.).Harmful Algae 6, 288–300.

Field A. (1922) Biology and economic value of the sea mussel Mytilus
edulis. Bulletin of the Bureau of Fishery 38, 127–259.

Frette O., Erga S.R., Hamre B., Aure J. and Stamnes J.J. (2004) Seasonal
variability in inherent optical properties in a western Norwegian fjord.
Sarsia 89, 276–291.

Gabbott P.A. (1976) Energy metabolism. In Bayne B.L. (ed.) Marine
mussels: their ecology and physiology. Cambridge, UK: Cambridge
University Press, pp. 293–355.

Galtsoff P.S. (1961) Physiology of reproduction in molluscs. American
Zoologist 1, 273–289.

Hemre G.I., Lie O., Lied E. and Lambertsen G. (1989) Starch as an
energy-source in feed for cod (Gadus morhua)—digestibility and
retention. Aquaculture 80, 261–270.

Herlin-Houtteville P. and Lubet P.E. (1975) The sexuality of pelecypod
molluscs. In Reiboth R. (ed.) Intersexuality in the animal kingdom.
Berlin: Springer-Verlag, pp. XV, 449.

Hickman R.W. and Illingworth J. (1980) Condition cycle of the green-
lipped mussel Perna canaliculus in New Zealand. Marine Biology 60,
27–38.

Hodgson A.N. and Bernard R.T.F. (1986) Ultrastructure of the sperm
and spermatogenesis of 3 species of Mytilidae (Mollusca, Bivalvia).
Gamete Research 15, 123–135.

Jensen A.S. and Spärck R. (1934) Bløddyr II. Saltvandsmuslinger.
Copenhagen: G.E.C. Gads forlag.

Lowe D.M., Moore M.N. and Bayne B.L. (1982) Aspects of gametogen-
esis in the marine mussel Mytilus edulis L. Journal of the Marine
Biological Association of the United Kingdom 62, 133–145.

Mathieu M. and Lubet P. (1993) Storage tissue metabolism and
reproduction in marine bivalves—a brief review. Invertebrate
Reproduction and Development 23, 123–129.

McKenzie J.D. (1986) The reproductive cycle of Mytilus edulis L. from
Lough Foyle. Irish Naturalists Journal 22, 13–16.

Navarro J.M. and Winter J.E. (1982) Ingestion rate, assimilation effi-
ciency and energy-balance in Mytilus chilensis in relation to body
size and different algal concentrations. Marine Biology 67, 255–266.

Newell I.E., Hilbish T.J., Koehn R.K. and Newell C.J. (1982) Temporal
variation in the reproductive cycle of Mytilus edulis L. (Bivalvia,
Mytilidae) from localities on the east coast of the United States.
Biological Bulletin. Marine Biological Laboratory, Woods Hole 162,
299–310.

Okumus I. and Stirling H.P. (1998) Seasonal variations in the meat
weight, condition index and biochemical composition of mussels

1472 arne duinker et al.

https://doi.org/10.1017/S0025315408002130 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315408002130


(Mytilus edulis L.) in suspended culture in two Scottish sea lochs.
Aquaculture 159, 249–261.

Orban E., Di Lena G., Nevigato T., Casini I., Marzetti A. and Caproni R.
(2002) Seasonal changes inmeat content, condition index and chemical
composition of mussels (Mytilus galloprovincialis) cultured in two
different Italian sites. Food Chemistry 77, 57–65.

Pieters H., Kluytmans J.H., Zandee D.I. and Cadee G.C. (1980) Tissue
composition and reproduction of Mytilus edulis in relation to food
availability. Netherlands Journal of Sea Research 14, 349–361.

Pipe R.K. (1987a) Oogenesis in the marine mussel Mytilus edulis—an
ultrastructural study. Marine Biology 95, 405–414.

Pipe R.K. (1987b) Ultrastructural and cytochemical study on interactions
between nutrient storage cells and gametogenesis in the musselMytilus
edulis. Marine Biology 96, 519–528.

Rodhouse P.G., Mcdonald J.H., Newell R.I.E. and Koehn R.K. (1986)
Gamete production, somatic growth and multiple-locus enzyme het-
erozygosity in Mytilus edulis. Marine Biology 90, 209–214.

Seed R. (1969) Ecology ofMytilus edulis L. (Lamellibranchiata) on exposed
rocky shores. I. breeding and settlement. Oecologia 3, 277–316.

Seed R. (1975) Reproduction of Mytilus (Mollusca: Bivalvia) in European
waters. Pubblicazioni della Stazione Zoologica di Napoli 39
(Supplement 1), 317–334.

Seed R. (1976) Ecology. In Bayne B.L. (ed.) Marine mussels: their ecology
and physiology, Volume 10. Cambridge: Cambridge University Press,
pp. 13–65.

Seed R. and Suchanek T.H. (1992) Population and community ecology of
Mytilus. In Gosling E. (ed.) The mussel Mytilus: ecology, physiology,
genetics and culture. Amsterdam: Elsevier, pp. 87–170.

Sprung M. (1983) Reproduction and fecundity of the mussel Mytilus
edulis at Helgoland (North Sea). Helgoländer Meeresuntersuchungen
36, 243–255.

Thompson R.J. (1979) Fecundity and reproductive effort in the blue
mussel (Mytilus edulis), the sea urchin (Strongylocentrotus droeba-
chiensis), and the snow crab (Chionoecetes opilio) from populations
in Nova Scotia and Newfoundland. Journal of the Fisheries Research
Board of Canada 36, 955–964.

Thompson R.J. and Bayne B.L. (1974) Some relationships between
growth, metabolism and food in mussel Mytilus edulis. Marine
Biology 27, 317–326.

Thorarinsdottir G.G. and Gunnarsson K. (2003) Reproductive cycles of
Mytilus edulis L. on the west and east coasts of Iceland. Polar Research
22, 217–223.

Thorson G. (1946) Reproduction and larval development of Danish
marine bottom invertebrates: with special reference to the planktonic
larvae in the Sound (Øresund). Meddelelser fra Kommissionen for
Danmarks Fiskeri- og Havundersøgelser. Serie Plankton, Bind 4, Nr.
1. 518 pp.

Wilson J.H. and Seed R. (1974) Reproduction in Mytilus edulis L.
(Mollusca: Bivalvia) in Carlingford Lough, Northern Ireland. Irish
Fisheries Investigations Series B, No. 15, 1–30.

Wourms J.P. (1987) Oogenesis. In Giese A.C., Pearse J.S. and Pearse V.
(eds) Reproduction of marine invertebrates, Volume 9. California:
Blackwell/Boxwood, pp. 50–178.

and

Zandee D.I., Kluytmans J.H., Zurburg W. and Pieters H. (1980)
Seasonal variations in biochemical composition of Mytilus edulis
with reference to energy-metabolism and gametogenesis.
Netherlands Journal of Sea Research 14, 1–29.

Correspondence should be addressed to:
Arne Duinker
National Institute of Nutrition and Seafood Research
PO Box 2029 Nordnes, 5817 Bergen
email: Duinker@nifes.no

mussel reproduction 1473

https://doi.org/10.1017/S0025315408002130 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315408002130

